Abstract⎯A total of 15 Pseudo-nitzschia strains isolated from Russian coastal waters of the Sea of Japan were identified using light and electron microscopy and phylogenetic analysis of ribosomal genes. Pseudo-nitzschia species are known to be potential producers of neurotoxiс domoic acid and cause blooms. Phylogenetic analysis of LSU and ITS1-5,8SrDNA-ITS2 sequences revealed that the examined strains belong to P. calliantha, P. hasleana, P. multistriata, P. pungens var. pungens, and P. delicatissima. P. hasleana is a new record for the Sea of Japan. Some morphological distinctions of the strains of P. calliantha and P. pungens var. pungens from the original descriptions of the species were detected. The ITS1-5,8SrDNA-ITS2 topologies showed that the P. delicatissima clade A is formed from three subclades, including Pacific strains, as well as isolates from Scotland and Spain. The high values of genetic distances between subclades (3.7−5%) and the morphological similarity between strains are indicative of cryptic genetic diversity within the P. delicatissima clade A. Different ITS types, including a possibly recombinant type, occur in the same monoclonal culture of P. multistriata, suggesting the hybridization of the local populations in the studied area.
INTRODUCTION
To date, 37 species of marine diatoms of the genus Pseudo-nitzschia H. Peragallo are known, of which 14 are able to produce the neurotoxin domoic acid [11] . The systematics of Pseudo-nitzschia has been inadequately studied due to high intraspecific morphological and genetic variability and the presence of sympatric cryptic species. The detection of such species is necessary for accurate assessment of marine diatom biodiversity [17] . Previous studies have shown that P. pungens, P. pseudodelicatissima/cuspidata, and P. delicatissima are species complexes with high morphological and genetic diversity [4, 15, 16, 22 and others] . Representatives of the complexes cause blooms at the coasts of Primorye (the Sea of Japan) almost every year, reaching densities of more than 10 6 cells/L [2] . However, no data are available on the morphological and genetic variability of Pseudo-nitzschia from Russian waters of the Sea of Japan.
The present research is aimed at a morphological and genetic identification of 15 strains of the diatom genus Pseudo-nitzschia from the northwestern Sea of Japan.
MATERIALS AND METHODS
A morphological and molecular-genetic study was carried out on 15 Pseudo-nitzschia strains isolated from the northwestern Sea of Japan during the period from 2006 to 2013 (Table 1) according to the previously described procedure [1] . The strains are maintained in the Marine Biobank Resource Collection (http://marbank.dvo.ru/index.php/en/). The morphology of diatoms was examined using an Olympus BX 41 (Tokyo, Japan) light microscope (LM) and a Carl Zeiss LIBRA-120 (Carl Zeiss Group, Germany) transmission electron microscope (TEM) at the Far East Center for Electron Microscopy of the National Scientific Center of Marine Biology (Far East Branch of the Russian Academy of Sciences). For morphological study by TEM, the diatom frustules were cleaned by treatment with sulfuric acid and saturated aqueous solutions of potassium permanganate and oxalic acid followed by centrifugation with distilled water [14] . For TEM observation, a drop of the washed sample was placed on formvar-coated grids and dried in the air.
The morphometric characteristics of the frustules were determined for ten specimens from each clonal culture. The data were tested for normality of distribution (Shapiro−Wilk test) and for the homogeneity of the variance (Levene's test) and then subjected to a one-factor ANOVA. In the case of the statistical significance of a result of the analysis of the variance, Tukey's multiple comparison test was used. All calculations were carried out with the Statistica (StatSoft, United States) program.
The genomic DNA was separated using a DNeasy Plant Mini Kit (Qiagen, United States). For all Pseudo-nitzschia strains, PCR amplification of the region that includes the ITS1-5,8SrDNA-ITS2 and LSU (D1-D3 domains) was carried out using the 1380-F and ITS055-R primers [15, 18] . For the MBRU_PH-07 strain, a PCR-specific fragment containing 5,8SrDNA-ITS2 and LSU was amplified using the ITS03-F and ITS055-R primers [15, 18] . Amplification was carried out according to the generally accepted methods [15] . PCR products were purified and sequenced with fluorescently labeled terminators ((2'-3'-dideoxynucleoside triphosphates, BigDye TM , Applied Biosystems) on ABI PRISM 377 (Perkin Elmer, United States) or 3130×L (Hitachi, Japan) DNA analyzers using the above primers. The sequences of both DNA chains obtained from two independent amplifications were determined in order to avoid possible error.
For the isolate of P. multistriata, PCR fragments that were unreadable in direct sequencing were cloned into the pTZ57R/T vector (Fermentas, Lithuania) and transformed into cells of Escherichia coli strain Top10 (Invitrogen, United States). Positive PCR fragments obtained from ampicillin-resistant colonies were purified and sequenced using M13 primers (Sibenzim, Russia).
A search for homologous sequences was performed at the NCBI and (http://blast.ncbi.nlm.nih.gov) and EMBL-EBI (http://www.ebi.ac.uk/ena). Ribosomal RNA gene sequences were assembled using the SeqMan program (Lasergene, DNASTAR). Multiple alignments were carried out using the MUSCLE program [7] . Kimura two-parameter distances (K2) [10] were calculated using the MEGA v.6 program [21] . Optimal evolutionary models were selected using the Bayesian information criterion (BIC) and the Akaike information criterion (AIC). On this basis, phylogenetic trees were constructed by the neighbour-joining (NJ) method. The significance of phylogenetic trees was assessed by bootstrap analysis (500−1000 replicates). A search for recombinant events was carried out using a number of methods in the RDP3 [19] and DnaSP [12] programs.
RESULTS AND DISCUSSION

Morphology
According to their cell morphology, the MBRU_PС-06, MBRU_PC-081, MBRU_PC-101, MBRU_PC-12, MBRU_PC-124, MBRU_PC-13, and MBRU_PH-07 strains (Fig. 1) were identified as belonging to the Pseudo-nitzschia pseudodelicatissima/cuspidata species complex [15] . The frustule morphology of the first of the 15 strains (Table 2, Figs. 1a−1e) generally conformed to the known descriptions of P. calliantha Lundholm, Moestrup et Hasle [13, 15] . However, the average values of fibulae density in cells from the MBRU_PС-081, MBRU_PC-12, and MBRU_PC-124 strains (Table 2) did not match the range of values (18−24) reported by Lundholm et al. [13] . Morphological examination revealed a high average density of fibulae in MBRU_PС-081, MBRU_PC-124, and MBRU_PC-12, compared to that in other strains from the northwestern Sea of Japan (Turkey test, p < 0.001; Table 2 ).
The morphometric features of the strain MBRU_PH-07 (Table 2 , Figs. 1f−1h) coincided with the data from the original description of the species P. hasleana Lundholm [13] . The morphology of the MBRU_PMS-11 strain (Table 2, Figs. 2a−2c) completely corresponded to the descriptions of P. multistriata (Takano) previously given by Takano [20] .
The TEM examination revealed that the strains MBRU_PD-101, MBRU_PD-102, MBRU_PD-111 belong to the P. delicatissima species complex [16] (Figs. 2d, 2e ). The average values of the main morphometric characteristics of cells of the studied strains (Table 2) corresponded to the data provided in the original description of P. delicatissima (Cleve) Heiden, including the epitype (strain Laesǿ 5) from Danish waters and Pacific strains OFPd972 and Tasm10 [16] .
The mean values of the morphometric characteristics of the studied strains corresponded to the range of these characters in strains from coastal waters of Scotland and Spain [22] .
The TEM investigation of cells of strains MBRU_PP-071, MBRU_PPR-12, MBRU_PP-13, and MBRU_PP-131 identified them as belonging to the species P. pungens (Cleve) Hasle (Figs. 2f−2m). However, the identification of varieties of the species was hindered in some cases. The average density of striae and fibulae on the valve of our strains (Table 2) did not correspond to their ranges for the type variety (8.6−11.6, cited after Churro et al. [5] ). The average density of striae on the valve of MBRU_PP-071 (Table 2) corresponded to its variation range in P. pun- 
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gens var. cingulata Villac (10−13), while the average density of striae and fibulae on the valve in MBRU_PPR-12, MBRU_PP-13, and MBRU_PP-131 (Table 2) were consistent with those in P. pungens var. aveirensis Lundholm, Churro, Carreira et Calado (13−16 in 10 μm) [5] . In most of the studied specimens, one transverse row of large oval poroids was observed on the valvocopula (Figs. 2i and 2j) , which is characteristic of the type variety of P. pungens var. pungens [5] . Thus, the strains PP-07, PPR-12, and PP-13 were characterized by the presence of one row of large oval poroids on the valvocopula (Figs. 2i, 2j ). However, cells of MBRU_PP-131 had one row of rectangular or square poroids on the valvocopula; each poroid was split in two or more parts in some specimens (Figs. 2k-2m ). In cells of MBRU_PP-13 and MBRU_PP-13 the average density of striae on the valvocopula corresponded to the measurements reported in the original description of P. pungens var. cingulata Villac (20−24) [23] . Thus, the studied specimens of the above strains differed from P. pungens var. pungens in a number of features (the density of striae and fibulae on the valve, the density of striae of the valvocopula, and the structure of poroids). We found a high average density of striae on the valve in MBRU_PP-13, MBRU_PP-131, and MBRU_PPR-12, as well as a high density of striae of the valvocopula in PP-13 and PP-131, compared to the data for other isolates (Tukey test, p < 0.001; Table 2 ). 
Analysis of LSU Nucleotide Sequences For phylogenetic reconstructions, 35 LSU sequences of different species of Pseudo-nitzschia that are closest to our sequences were additionally derived from the GenBank and EMBL-EBI. The length of the analyzed sequence consisting of the first three conserved domains D1−D3 28SrDNA was 506−508 b.p. The optimal evolutionary model with the minimum value of BIC was the Kimura 2-parameter model with gamma distribution (K2 + G). In contrast to other models that are closest in values of BIC (K2 + G + I, HKY + G, and GTR + G + I), only this model separated P. mannii Amato et Montresor and P. calliantha in the NJ-tree (75% node bootstrap support). LSU analysis showed a high level of intraspecific similarity of sequences of the Sea of Japan strains P. calliantha, P. pungens, and P. multistriata with the type strains of the respective species (Fig. 3) . The strain MBRU_PH-07 was identified as P. hasleana according to its clustering with the available strains of this species (99% bootstrap support).
Analysis of the LSU fragment revealed no sufficient resolution for differentiating P. delicatissima, P. decipiens Lundholm et Moestrup, P. dolorosa Lundholm et Moestrup, P. galaxiae Lundholm et Moestrup, and P. micropora Priisholm, Moestrup et Lundholm (Fig. 3) . The strains MBRU_PD-101, MBRU_PD-102, and MBRU_PD-111, which were identified as P. delicatissima according to their morphological features, were taxonomically unresolved.
Analysis of ITS1-5,8SrDNA-ITS2
Nucleotide Sequences For taxonomic identification of Pseudo-nitzschia strains from the Sea of Japan, we constructed phylogenetic trees based on ITS1-5,8SrDNA-ITS2 sequences. The multiple alignment also included 48 closest sequences that were derived from the NCBI and EMBL-EBI databases. The analyzed sequence was 870 b.p. long. No outgroup was used for the construction of ITS-tree of Pseudo-nitzschia, because with its inclusion the number of informative sites was decreased, which markedly reduced the tree resolution. The strains that were identified as P. calliantha, P. pungens, and P. multistriata based on the morphology and LSU analysis were grouped with the respective taxa (Fig. 4) .
All the phylogenetic ITS-trees clearly differentiated the three clades of P. pungens described previously [4] . Four strains of P. pungens (PP-071, PPR-12, PP-13, and PP-131) fell within clade I (P. var. pungens).
In the ITS1-5,8SrDNA-ITS2-based tree, the studied P. calliantha strains (MBRU_PC-06, MBRU_PC-081, MBRU_PC-101, MBRU_PC-12, MBRU_PC-124, and MBRU_PC-13) were clustered with Vietnamese strains PC DS2, PC TA1, and PC HA-D4, as well with the Atlantic strain PC Pn-2 (Fig. 4) . P. calliantha strains (MBRU_PC-081, MBRU_PC-12, and MBRU_PC-13) were 99−100% identical to each other in LSU and 5,8SrDNA sequences but were polymorphic in ITS1 and ITS2 regions at positions 187, 234, 238−239, and 252.
The unresolved LSU-tree topology of the three strains of P. delicatissima (MBRU_PD-101, MBRU_PD-102, and MBRU_PD-111) is clearly resolved using the ITS1-5,8SrDNA-ITS2 based tree. These strains were clustered with strains of P. delicatissima sensu stricto (clade A); three subclades were clearly differentiated within this clade (Fig. 4) , which combined our strains, strains PD OFPd972 from Japan, and strains PD Tasm10 from Tasmania (subclade I), as well as the isolates from Scotland and Denmark (subclade II) [8] and Spain (subclade III) [22] . The values of distances between subclades were within the range of 3.74−5.03%, which corresponds to the level of interspecific divergence in the diatom genus Pseudo-nitzschia [13] . The main differences between Pacific strains were found in the ITS1 fragment. P. delicatissima strains from the Sea of Japan that were isolated in different years were identical at ITS1, 5,8S rRNA, ITS2, and LSU (D1−D3). Data on the P. hasleana strain from the Sea of Japan are not shown in the ITS1-5,8SrDNA-ITS2 tree (Fig. 4) , as satisfactory amplification of PCR-fragment was only accomplished with the direct primer for the beginning of 5,8SrDNA. The P. hasleana strain MBRU_PH-07 in the 5,8SrDNA-ITS2 tree was grouped with the known strains of this species (NJ, 100%), which fully agrees with the LSU data (Fig. 3) .
Intragenomic Variations in the ITS Region
in P. multistriata Direct sequencing of the ITS region in the strain MBRU_PMS-11 yielded unsatisfactory chromatograms with displacement and overlapping of the peaks. For determination of intragenomic polymorphism, the PCR product of the ITS fragment was cloned and positive colonies were subsequently sequenced. This revealed four different ITS subtypes: B1, B2, B3, and A/B2 (presumably recombinant) (Table 3) , which were previously determined by D'Alelio et al. [6] . The ITS subtypes were characterized by specific substitutions and insertions at certain positions in the ITS1 and ITS2 regions. At position 36, an insertion of one nucleotide, A, occurred, which is also characteristic of other P. multistriata strains from the Mediterranean Sea and coastal waters of Australia and Korea (GenBank access numbers DQ990368, DQ990369, DQ990367, KC017470, and AY257843). At position 798, a unique substitution G>C was found in the subtype A/B2 in the PSM-11-A/B2 sequences and in the Korean strain A (AY257843).
We investigated the recombination signal using a number of methods in the RDP3 program [19] , as well as the method of the minimum number of recombina- tion events [9] in the DnaSP software [12] . With five polymorphic sites in the alignment of 5,8SrDNA-ITS2 sequences, the methods in the RDP3 program failed to reveal recombination, evidently because of the low variability of the studied nucleotide region. However, the method of Hudson and Kaplan [9] revealed one, which was probably recombinant even in the coordinates of 301-797, confirming the possible hybridization of the local populations of P. multistriata. Thus, for the first time, the present work presents the results of a complex study of cultures of Pseudonitzschia species from the Sea of Japan using molecular-genetic and morphological methods. P. hasleana was found in the Sea of Japan for the first time, supplementing the few records of the species from coasts of Japan and Australia [3, 13] . The phylogenetic and morphological study allowed us to identify the strains MBRU_PC-06, MBRU_PC-081, MBRU_PC-101, MBRU_PC-124, MBRU_PC-12, and MBRU_PC-13 as P. calliantha. An earlier phylogenetic study of strains of the Pseudonitzschia delicatissima complex revealed two genotypes (clades): P. delicatissima (clade A) and P. arenysensis Quijano-Scheggia, Garcés et Lundholm (clade B) [16, 22] . This phylogenetic study identified strains from the northwestern Sea of Japan as P. delicatissima sensu stricto (clade A according to [16] ). Despite the absence of morphological differences between Pacific strains and strains from other places, the moleculargenetic data indicated cryptic diversity within clade A: the presence of three subclades, with subclade I combining Pacific strains from Russia, Japan, and Tasmania. The values of the genetic distances that we found between the three subclades (3.74−5.03%) were comparable to the distances between P. micropora and P. delicatissima (3.8−4.3%), but were lower than the distances between P. delicatissima and P. arenysensis (6.2−7.8%), as well as between P. micropora and P. arenysensis (5.6−6.9%) [13] . The relatively high values of divergence between the three subclades indicated the probable presence of cryptic taxa within clade A.
Three clades were previously distinguished for P. pungens from different areas of the World Ocean that correspond to P. pungens var. pungens, P. pungens var. cingulata, and P. pungens var. aveirensis [4, 5] . The present phylogenetic study allowed us to assign our P. pungens strains to clade I [4] . These results, as well as the split poroid structure in valvocopulae in the strain MBRU_PP-131, which is characteristic of clades II and III, were indicative of high intraspecific morphological variability of genetically identical P. pungens strains from the Sea of Japan.
Intragenomic variations in the ITS sequences of P. multistriata and the presence of a probably recombinant subtype A/B pointed to the possible hybridization of the local populations of P. multistriata in the studied area. The GenBank-derived sequence of P. multistriata strain from coastal waters of Korea (AY257843) was genetically close to the possible recombinant subtype A/B identified for MBRU_PMS-11 (average genetic distance, 0.25 ± 0.17%). This suggests that genetically similar local populations that are close in geographical origin cooccur in the northwestern Sea of Japan.
The results of this research showed that the studied strains belong to P. calliantha, P. hasleana, P. multistriata, P. pugens var. pungens, and P. delicatissima. Intragenomic variations in the P. multistriata strain, including the probable presence of a hybrid ITS subtype, were detected for the first time. Clade A (P. delicatissima sensu stricto) was formed by three subclades, including Pacific clades, as well as isolates from Scotland and Spain. The high values of the genetic distances between subclades and the morphological similarity between strains were indicative of cryptic genetic diversity within clade A. The geographic divergence of the strains may suggest intraspecific genetic differentiation of the P. delicatissima isolates from the northwestern Pacific, which requires further investigation.
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